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Turbulence control techniques for drag reduction and heat transfer augmentation are of great importance from the viewpoint of energy saving and environmental impact mitigation. Among various methodologies, active feedback control schemes attract much attention because of their potential of large control effect with small power input [1] [2] [3] . The pioneering studies [4] [5] [6] have shown through their direct numerical simulation (DNS) of turbulent channel flow that the skin friction drag can be substantially reduced by a small amount of local blowing/suction on the wall.
However, the Reynolds numbers assumed in most previous studies are Re τ 100 180 (hereafter, Re τ denotes the friction Reynolds number defined based on the wall friction velocity u τ , the channel half-width δ, and the kinematic viscosity ν), where significant low-Reynolds-number effects must exist. Actually, Iwamoto et al. [7] showed in their DNS at Re τ 642 that the performance of the suboptimal control [5] is gradually deteriorated as the Reynolds number is increased.
The Reynolds numbers in real applications are far beyond the values of current DNS. For example, the friction Reynolds number of a Boeing 747 aircraft is roughly estimated to be Re τ 10 5 under a typical cruising condition. For flows of such high Reynolds numbers, where highly complex turbulent structures exist with a very wide range of turbulent spectra, no quantitative knowledge is available on the effectiveness of active feedback control.
According to the analytical relation between the Reynolds shear stress distribution and the skin friction coefficient [8] , the amount of drag reduction depends on the degree of Reynolds stress suppression not only in the near-wall layer, but also away from the wall. As the Reynolds number increases, the contribution of the region away from the wall becomes dominant [7] . On the other hand, the basic strategy of the active feedback control using sensors and actuators distributed on the wall is to selectively manipulate the turbulence regeneration mechanism and suppress the turbulence intensity in the near-wall layer. Therefore, it is not straightforward to expect that the active feedback control scheme tested at low Reynolds numbers should also be effective at much higher Reynolds numbers.
In the present study, we theoretically investigate the Reynolds number effect on the drag reduction rate achieved by an active feedback control acting only on the near-wall layer. We assume ideally that all velocity fluctuations in the near-wall layer, i.e., 0 y y d , are perfectly damped by the active feedback control, and derive a formula of the relationship between the Reynolds number, the thickness of the damping layer y d , and the drag reduction rate.
We assume a fully developed turbulent channel flow of a constant flow rate. The friction coefficient in the uncontrolled flow is defined as C f τ w ´1 2µ ρU 2 m ¡ , where τ w is the wall shear stress, ρ is the density, and U m is the bulk mean velocity. The drag reduction rate is defined 
Because the velocity fluctuations are assumed to be perfectly suppressed in the damped layer, no
Reynolds shear stress arises while the total shear stress is equal to the viscous shear stress in the region of 0 y y d . Thus, the shear stress τ ¼ d and the friction velocity u ¼ τd at the upper boundary of the damped layer (y y d ) are given by
where δ is the channel half-width, and the subscript of d denotes quantities at y y d . Since the flow rate is kept constant, the bulk mean velocity U m is expressed by
Three terms on the right-hand side (RHS) represent, in the order of appearance, contributions from the damped layer, the inertial part with the velocity of U 
where µ denotes the viscosity. Integration of Eq. (4) gives the first term on the RHS of Eq. (3) as 1 δ
where Eq. (1) 
Thus, the second term on the RHS of Eq. (3) can be expressed, by using Eqs. (1) and (6), as
Dean's formula [9] derived from the logarithmic law is adopted to describe the relationship between the bulk mean velocity U m and the wall friction velocity u τ , i.e.,
Substitution of Eqs. (2) and (8) 
Finally, by collecting these expressions, i.e., Eqs. (5) and (7)- (9), we obtain the following identity equation: The mechanism of drag reduction is examined in detail by DNS of turbulent channel flow at a moderate Reynolds number [7] . The Navier-Stokes equation is solved under a constant flow rate at a Reynolds number of Re τ 642, i.e.,
where the third term on the RHS is the damping term and f´yµ is defined as
It is assumed that numerous remote sensors acquire the velocity information in the near-wall thin proposed by Fukagata et al. [8] , which reads
in the wall unit of the uncontrolled flow. The first term on the RHS is the contribution of the laminar flow, while the second term is that of the turbulence, which is a weighted integral of the Reynolds shear stress distribution. In Fig. 4(b) , the weighted Reynolds shear stress 3´1 y δµ´ u ¼· v ¼· µ is also shown. As is noticed from Eq. (13), the difference in the areas surrounded by these two (uncontrolled and damped) curves of the weighted Reynolds stress directly corresponds to the drag reduction rate, i.e., R D S´0 y δ 1µ 0 74, where S´¡ µ denotes the area. The area S´0 y · 60µ in the damping layer is 0.18, and that in the undamped region is S´y · 60µ 0 56. Namely, the drag reduction rate directly caused by the decrease of´ u ¼· v ¼· µ in the near-wall damping layer is 18%, while the drag reduction rate due to the accompanied decrease of´ u ¼· v ¼· µ in the undamped region is 56%. At higher Reynolds numbers, the relative thickness of the damping layer y d δ becomes smaller so that the contribution outside the damped layer should be dominant. Thus, large drag reduction by the wall control at high Reynolds numbers is mainly attributed to the decrease of the Reynolds stress in the region away from the wall.
Note that the near-wall-layer laminarization does not provide the maximum drag reduction. As is noticed from Eq. (13), we can get a drag reduction larger than that of relaminarization if the Reynolds shear stress ( u ¼ v ¼ ) becomes negative. Whether such a sublaminar drag can be achieved or not is still an open question (see, e.g., Bewley and Aamo [11] ).
In summary, we derived a formula to describe the relationship between the Reynolds number and the drag reduction rate in turbulent channel flows, i.e., Eq. 
